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A B S T R A C T

Purpose: This study aims to evaluate the feasibility of using fast, low-dose proton (pRad) and helium (HeRad) 
radiography for intrafractional motion management. This approach uses pencil ion beam delivery systems, 
modern particle imaging detectors and fast image reconstruction.
Methods: A plastic respiratory phantom underwent four-dimensional computed tomography (4DCT) using a 
commercial X-ray scanner, experimental pRad with a continuous proton beam from a clinical serial cyclotron, 
and experimental pRad and HeRad with pulsed proton and helium beams from a synchrotron-based ion therapy 
facility. Open-source patient 4DCT data were used in a Monte Carlo simulation study to evaluate pRad and 
HeRad in a realistic patient geometry. Treatment plans involving mixed carbon-helium beams were calculated 
using matRad and simulated in TOPAS.
Results: The experimental pRad achieved a temporal resolution of 8 fps for the cyclotron-based facility, while 
both pRad and HeRad achieved 2 fps for the synchrotron-based facility within a 10 cm × 10 cm region of interest. 
pRad reconstructed the respiratory phantom motion pattern with a dose of less than 2 µGy per image. In sim
ulations of mixed carbon-helium beams, HeRad, both integral and single iso-energy, detected water equivalent 
thickness differences with sub-millimeter accuracy across different phases of the patient’s 4DCT data.
Conclusion: This study demonstrates that low-dose small-field proton and helium radiography, utilizing pencil 
beam scanning, can effectively monitor intrafractional anatomical displacements with millimeter-level spatial 
accuracy and sub-second temporal resolution. Current particle imaging and beam delivery technologies have the 
potential to enable real-time patient monitoring in promising mixed ion beam therapy.

1. Introduction

Particle therapy using scanning beams has become a well-established 
approach for the treatment of static tumors, offering more conformal 
dose distributions compared to conventional photon therapy [1]. 
However, the high degree of conformality associated with this approach 
leads to significant geometric and dosimetric uncertainties when intra
fractional motion is taken into account [2–5]. A randomized trial [6]
demonstrated that proton therapy for non-small cell lung cancer 
(NSCLC) did not significantly improve lung outcomes or reduce toxicity 

compared to photon therapy, with its potential benefits being dimin
ished by intrafractional motion and range uncertainties [7]. Respiratory 
motion is a major source of intrafractional motion and can significantly 
affect tumors located in the thorax [8] and abdomen [9], it is critical to 
have a qualitative and quantitative analysis of this motion.

The American Association of Physicists in Medicine (AAPM) TG-76 
report [10] quantified lung tumor motion and found displacements of 
18.2 mm in the superior-inferior dimension, 9.5 mm in the anterior- 
posterior dimension, and 10.5 mm in the left–right dimension. A more 
recent study [11] reported the amplitude of gross tumor volume (GTV) 
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motion in common NSCLC cases to be 5.0 ± 2.8 mm and recommended 
the use of 4D computed tomography (4DCT) [12] for treatment adap
tation within proton therapy. To address the challenges of tumor motion 
during particle therapy, several dose delivery techniques have been 
developed [13,14]. These include internal target volumes (ITVs) [15], 
repainting or rescanning [16], respiratory gating [17], tumor tracking 
[3], 4D and robust optimization [18,19].

Particle imaging can be used as an alternative or complement to 
these methods to provide anatomical information while not being 
significantly affected by range uncertainties [20]. One potential solution 
involves fast change of ion beam energies to switch between imaging 
(shoot-through) and treatment (stopping the beam within the target 
volume). Another approach is to use two particles with a constant mass- 
to-charge ratio (e.g. 12C6+ and 4He2+) for simultaneous imaging and 
treatment. The concept of using mixed carbon and helium beams, with 
helium as the range probe, was originally proposed for online moni
toring by two groups [21,22]. Recently, Voltz et al. [23] investigated the 
possibility of implementing this approach at the synchrotron-based fa
cility. The scanning area would be aligned with the tumor volume, and 
the scanning time for a single slice would be negligible compared to the 
time of organ motion during the respiratory cycle.

Several studies have highlighted the potential of proton (pRad) and 
helium (HeRad) radiography for daily patient positioning [24,25]. 
However, these studies were focused on the imaging of the static loca
tions, while the protocols of moving objects ion radiography with 
therapeutic scanning particle beams are required. One study showed the 
scenario of using pRad for adapting proton therapy in the treatment of 
thoracic tumors [26], but with proton beam intensities close to thera
peutic levels. This study aims to fill the gap by developing strategies and 
evaluating the technical feasibility of low-dose proton (for fast multi- 
energy extraction) and helium (for mixed-beam approaches) radiog
raphy of moving objects fast enough to quantify respiratory motion, 
with a focus on its potential implementation for managing intrafrac
tional motion in particle therapy with scanning beams.

2. Materials and methods

This study consists of both experimental and simulation components. 
The experimental component involved proton and helium radiography 
of a respiratory phantom performed at two sites: the Northwestern 
Medicine Chicago Proton Center (NMCPC) and the Heidelberg Ion-Beam 
Therapy Center (HIT). The simulation component focused on evaluating 
the dose load of proton and helium radiography and simulating patient- 
specific scenarios using a mixed carbon-helium ion beam approach.

2.1. Respiratory phantom

The phantom used was a koala toy model GRT59 (Fisher-Price, East 
Aurora, NY, USA) with moving parts designed to simulate human 
breathing. Inside the phantom is a plastic block measuring 22 cm × 7 
cm × 3.5 cm, encased in a textile shell. This block contains a micro
controller, batteries, an electromechanical drive, and a small plastic 
platform responsible for the motion (Fig. 1A). The motion of the phan
tom follows a simple sine function: 

f(t) = f0 +A × sin
(

2π
T

× t+ p0

)

(1) 

where f0 – displacement at t = 0, A – amplitude, T – period and p0 

–phase at t = 0.
The amplitude was measured using an inextensible thread and a 

Dahle 10,684 ruler, and the period was measured using a Samsung S21 
stopwatch application.

2.2. Imaging equipment

X-ray computed tomography (CT) scans of the respiratory phantom 
were acquired at the DKFZ using the SOMATOM Definition Flash 
(Siemens Healthcare GmbH, Erlangen, Germany) with a voltage of 120 
kV. Data were collected for 10 different phases of the respiratory motion 
in stop-and-shoot mode. Phase sorting was used to correlate the phases 
of the phantom’s motion, with shots taken every 0.3 ± 0.1 s according to 
stopwatch readings. A CT slice of the moving region of interest (ROI) 
within the phantom is shown in Fig. 1B, where image reconstruction 
artifacts are visible due to the metal components of the phantom, 
causing saturation in certain regions.

Proton and helium radiography data were obtained using a proto
type of the ProtonVDA proton imaging system [27]. This system oper
ates in list-mode configuration, where tracking detectors record the 
trajectories of individual protons, and a range detector measures the 
water equivalent path lengths (WEPL) of each proton. These measure
ments allow for the reconstruction of a 2D, or 3D map of relative stop
ping power (RSP) values for the region of interest (ROI) and the entire 
phantom [28]. The system has a maximum scan field size of 40 cm × 40 
cm and a data acquisition rate of 3 MHz [29]. For helium data acqui
sition, the system’s photomultiplier voltage was lowered. Simple back- 
projection along the MLP was used for image reconstruction for pRad 
and HeRad, and the water equivalent thickness (WET) uncertainty per 
pixel was estimated using the following equation [30]: 

Fig. 1. A photograph of the internal part of the phantom (A) and a sagittal view of the phantom obtained using clinical CT (B).
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3 mm
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Np

√ (2) 

where Np is the number of particles intersecting that pixel.
After image reconstruction, all experimental imaging modalities, 

XCT, pRad and HeRad, were correlated in terms of motion phases.

2.3. Experimental proton and helium imaging setup and beam delivery

The first experimental pRad data acquisition was conducted on the 
respiratory phantom at the NMCPC facility in December 2022. This fa
cility employs an IBA C230 cyclotron (IBA, Louvain-La-Neuve, Belgium) 
that generates continuous proton beams. The proton imaging system 
was positioned on a fixed horizontal beamline equipped with pencil 
beam scanning (PBS) technology. The phantom was fixed inside the 
proton imaging system using standard plastic tape (approximately 300 
µm thick), with the central part of the movable element aligned with the 
particle imaging detector’s center. The motion pattern was recon
structed from pRad images by tracking the distance between the sta
tionary and moving parts of the phantom as indicated in Fig. 1B.

The phantom was irradiated in the spot scanning mode. The single 
energy of the 120 MeV beam was used with a beam profile width at the 
isocenter of σx ≈ σy ≈ 7.0 mm and a divergence of approximately 2.9 
mm− 1. A 10 cm × 10 cm field with a spot spacing of 0.5 cm (21 × 21 
spots) was scanned from top right to bottom left, requiring 130 ms and 
utilizing approximately 2 × 105 protons (400–500 protons per spot). 
Each spot required approximately 0.1 ms of delivery time, after which 
the scanning magnet was switched to another point required an addi
tional 0.1–0.3 ms of time, depending on spot position. A total of 60 scans 
were performed on the continuously moving phantom without any stops 
between the scans.

The second experimental pRad and HeRad data acquisition was 
conducted at HIT in July-August 2024 using the same respiratory 
phantom and proton imaging detector. HIT [31,32], a synchrotron- 
based facility, operates with multiple particle species, including pro
tons, helium, and carbon ions in a pulsed beam mode. Following the 
NMCPC protocol, particle imaging was performed using a 121.95 MeV 
proton beam σx ≈ σy ≈ 5.6 mm at the isocenter. The same 21 × 21 spot 
pattern was used from top right to bottom left, requiring 560 ms per scan 
and using approximately 5 × 105 protons (1000–1200 protons per spot) 
over 10 scans. For HeRad, an 80.64 MeV/u helium beam with σx ≈ σy ≈

4.9 mm was used, requiring 450 ms per scan and utilizing approximately 
0.5–––2 × 105 helium ions (150–600 ions per spot). Each spot required 
1.2–1.3 ms for the pRad case and about 1.0 ms for the HeRad case. The 
time to move the beam between stops was less than 0.1 ms. The limi
tation of 10 scans was only due to the pulsed nature of the synchrotron, 
after 5 s of extraction it was necessary to start the next cycle with a pause 
of several seconds needed to inject and accelerate a new beam. The 
phantom position was shifted by 2 cm in the vertical direction compared 
to the previous measurements.

2.4. Monte Carlo simulations

Simulated images were generated using TOPAS version 3.9 [33], an 
extension of GEANT4 designed for particle therapy applications [34]. 
The simulations included a comprehensive set of physical processes for 
proton and helium ion interactions in the intermediate energy range, 
covering both electromagnetic and hadronic processes [35]. Following 
Volz et al. [23], several physics lists were employed, including 
G4HadronElasticPhysics, G4ExtraPhysics, LXeEMPhysics, LXeMuon
Physics, G4StoppingPhysics, G4DecayPhysics, and G4QMDReaction, 
with the helium region modeled using G4BinaryLightIonReaction and 
the Tripathi cross section data [36] modified by [37]. The standard 
Hounsfield units (HU) transformation built into TOPAS was used for CT 
data [38].

The imaging detector model consisted of tracking detectors 

segmented into stacks of 1 mm scintillating fibers, positioned 30 cm 
apart around the respiratory phantom. The scintillating fibers were ar
ranged in two layers offset by 0.5 mm, allowing for proton localization 
to 0.5 mm in each direction per plane [27]. WEPL resolution was 
simulated by modelling detector response across various positions and 
residual ranges. Simulated WEPL was reconstructed using the same 
method as for real data [27].

The time feature of the TOPAS framework was used to simulate the 
dynamic nature of the experiments. All phases of the motion-binned 
4DCT data of the phantom were used to generate a sequence of the 
geometry instances by interpolating the data on the moving part of the 
phantom according to formula (1). These geometries were updated in 
the framework every 0.33 ms and used to create the simulated pRad 
images. Following the first experimental protocol, the simulation was 
run from the randomly selected geometry instance and was performed 
for 60 beam scan patterns (10 cm × 10 cm field, 500 protons per spot). 
Each spot was irradiated for 0.1 ms, followed by a 0.2 ms pause, 
resulting in a total scan duration of 132.3 ms, which corresponds to the 
experimental measurement performed at NMCPC.

2.5. Simulated patient case

The 4DCT data for proton and helium imaging simulations were 
obtained from the open Cancer Imaging Archive [39]. Data from NSCLC 
patients were acquired using a 16-slice helical CT scanner (Brilliance Big 
Bore, Philips Medical Systems) with Real-time Position Management 
(Varian Medical Systems). A voltage of 120 kV was used, and 
respiration-correlated CTs with 10 breathing phases were obtained (0 % 
to 90 %, phase-based binning), with the 0 % phase corresponding to the 
end of inhalation. Data from patient #102 were used for further 
illustrations.

pRads and HeRads of the patient 4DCT data (40 cm × 40 cm, the 
maximum size allowed by the detector) were simulated to estimate the 
dose load in both cases. The scintillating fibers were positioned 60 cm 
apart from the central point of the 4DCT DICOM patient data. Images 
were acquired using 2000 ions per spot, spaced at 1 cm intervals, with a 
beam profile σx ≈ σy ≈ 7.0 mm. Two projections (anteroposterior and 
lateral) were simulated using monoenergetic beams of 220 MeV/u and 
300 MeV/u.

A framework was developed [40] in the open-source irradiation 
planning software matRad [41,42] to explore the concept of using mixed 
carbon and helium beams for ion beam therapy. A treatment plan for a 
lung cancer patient was devised using this mixed beam approach. 
Initially, the carbon ion dose was optimized on the first phase of the 
4DCT, followed by the calculation of the corresponding mixed-in helium 
ion dose. A previous study [23] showed that adding 10 % helium ions 
generates a detectable helium signal above the carbon fragment back
ground. The treatment planning involved the pencil-beam algorithm in 
matRad, and dose recalculation was performed using a research exten
sion of matRad that interfaces with TOPAS, allowing evaluation of the 
detection response during treatment and reconstruction of radiographs 
from primary helium ions passing through the patient.

The treatment plan involved two treatment angles (45◦, 90◦) and 
used 3 × 104 spots with 103 different energy levels. If executed, the plan 
would involve 3.7 × 109 carbon particles. Additionally, a reduced 
treatment plan using a single energy per angle (1.1 × 108 carbon par
ticles) was simulated. For the patient case 107 (full plan), and 105 

(reduced plan) histories were simulated, representing 3 % (full plan) and 
1 % (full plan) of the total helium particles required. The simulation of 
carbon and helium was sequential, neglecting carbon fragment contri
butions to the detection system. Radiographs were reconstructed using 
WEPL estimates from residual energy of the helium ions.
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3. Results

3.1. Experimental phantom pRad for cyclotron-based facility

60 pRads obtained at NMCPC (as described in section Experimental 
proton images) were reconstructed. Fig. 2 shows the pRads for the 
maximum negative displacement of the moving part (0 %), the default 
position (40 %), and the maximum positive displacement (90 %). These 
images were used to estimate the temporal resolution of the setup and to 
reconstruct the motion pattern of the phantom as described in section 
Respiratory phantom.

Fig. 3A illustrates the single pixel WET sensitivity of the experi
mental setup. The pixel with coordinates (0 cm, 0 cm) was chosen to 
illustrate the change in WET over time. The maximum difference of 2.5 
cm WET was recorded between the phases of the phantom motion. The 
averaged WET uncertainty was 0.07 cm. The maximum difference be
tween the left and right edges of the moving part of the phantom in the 
same image was 1 pixel.

To reconstruct the motion pattern, the measured distances (see sec
tion Respiratory phantom) were fitted with a sine function (1): f0 =

1.198 ± 0.010 cm, A = 1.130 ± 0.014 cm, 2π
T = 1.913 ± 0.006 Rad

s , 
p0 = 0.34 ± 0.03 Rad as shown in Fig. 3B. The amplitude and the period 
T = 3.28 ± 0.01 s are within error with the values set and measured by 
conventional tools: Ameas = 1.10 ± 0.05 cm and a period Tmeas =

3.3 ± 0.1 s.

3.2. Experimental phantom pRad and HeRad for synchrotron-based 
facility

Additional 10 pRads and 10 HeRads obtained at HIT were recon
structed as demonstrated in Fig. 4. The amplitude and period were 
calculated as above for protons ApRad,HIT = 1.24 ± 0.10 cm and a period 
TpRad,HIT = 3.4 ± 0.1 s and for helium ions AHeRad,HIT =

1.28 ± 0.14 cm and a period THeRad,HIT = 3.5 ± 0.2 s. The currently 
obtained experimental helium images suffer from a high noise level 
which is the result of two factors: unstable beam extraction for the low 
intensity beam (150–600 ions per spot as detailed in the Materials and 
Methods section) and lack of proper required adjustment of the particle 
imaging detector parameters since the detector is optimized for proton 
beams.

3.3. Simulated phantom CT-based pRad

The simulated pRads of the respiratory phantom were compared to 
the acquired radiographs, benchmarking the experimental measure
ments against a Monte Carlo simulation that incorporated the interpo
lated data from the X-ray 4DCT to better mimic the experimental 

conditions (Fig. 5).
The dark areas in the lower right corner of the simulated images are 

caused by unrealistically high HU values in the CT data due to the 
presence of metal in the moving part of the phantom. Due to incorrect 
material conversion, the protons cannot pass through these areas in the 
simulation, making it impossible to reconstruct their paths. Similarly, 
the bright region in the lower left corner contains artifacts caused by 
incorrect material conversion in the original data. These two regions are 
the only areas that appear saturated. Within these areas, the simulated 
WET values differ from the experimental pRad image (Fig. 4C) by more 
than 10 % in the CT-based comparison, with a localized WET difference 
of 1 cm near the metal inserts (Fig. 4C). The validation of the experi
mental versus simulated pRads was performed for 10 motion phases, 
ranging from 0 % to 90 % of the motion amplitude. Excluding the 
artifact-affected regions, a WET difference greater than 2 mm between 
the simulated and experimental images was observed in less than 7 % of 
the image area, primarily due to noise in the experimental image. No 
correlation between motion phase and the error pattern was detected.

The breathing curve parameters of the phantom were measured from 
60 simulated pRads, following the same methodology as for the exper
imental data, the amplitude Asim = 1.12 ± 0.02 cm and a period Tsim =

3.29 ± 0.01 s were calculated.
Monte Carlo simulation data were used also to estimate the dose to 

the irradiated area of the phantom. The averaged dose for a series of 60 
simulated pRads was 1.83 ± 0.05 µGy.

3.4. Simulated patient CT-based pRad and HeRad

Since this study aimed to evaluate the feasibility of fast, low-dose 
particle radiography for motion management and verification of 
anatomical changes, the physical model (see Monte Carlo simulations 
section) was used to generate pRad and HeRad images (using HIT beam 
parameters and particle imaging detector geometry) from patient CT 
data to estimate patient dose across different particle radiography 
modes.

The resulting dose for full-scale pRads were 12.6 ± 1.1 µGy for AP 
and 13.8 ± 0.8 µGy for the lateral projections, respectively. These values 
were averaged for the irradiated areas and each phase of the 4DCT. 
Analogous HeRads were modeled. The resulting doses were 18.0 ± 1.3 
µGy and 19.9 ± 1.4 µGy for two projections (AP and lateral). The WET 
uncertainty averaged over the image was 0.65 mm for both pRad and 
HeRad. The average physical dose difference for protons and helium 
ions for the simulated images was up to 44 %. Dose parameters given 
here and above represent the physical dose in Gy, without consideration 
of radiation weighting factors for protons and helium ions.

After simulation of the full-scale images, mixed beam HeRads of 
irradiated volume were simulated for two angles. To explore the appli
cation of the mixed carbon-helium beam technique for managing motion 

Fig. 2. Reconstructed pRads at NMCPC for three phases of the moving phantom (0%, 40% and 90%).
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during treatment, the simulated HeRads were evaluated. The results for 
phase 0 % of the lung patient are shown in Fig. 6A and 6C, which show a 
2D reconstruction of the treated anatomy. These images have a total 
number of pixels of 300 × 300 with a pixel size of 1 mm × 1 mm. After 
reconstructing the images, they were converted into two-dimensional 

matrices with values from 0 to 255, then by manually selecting the 
threshold, they were converted into matrices of the same dimensionality 
but with values (0,1) and contoured as shown in Fig. 6C and D, 
respectively.

The contour displacement was recorded for each of the phases, and 

Fig. 3. pRads parameters of scanned moving phantom at the NMCPC: (A) WET of a central pixel (0 cm, 0 cm) over time; (B) displacement of the moving phantom 
part over time and the sine fit.

Fig. 4. Reconstructed pRads (top row) and HeRad (bottom row) at HIT for three phases of the moving phantom.
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then the data were fitted with a slightly modified sine function (1): 
f(t) = f0 + A× sin(2π

10× t+ p0). Since the exact time for each phase was 
unknown from the original data, each phase was used as a separate time 
quantum, equal to 0 through 9. In this way, the coefficient responsible 
for the period of the sine function can be fixed at 2π

10. Based on these data, 
the amplitude displacements of the selected contours were recon
structed. The results for integral HeRads are shown in Table 1.

The HeRads in Fig. 6 were reconstructed using data from all energies 
in the treatment plan. However, for any synchrotron-based facility, 

there is a delay between the extraction of beams of different energies, on 
the order of 0.1 to 10 s. Therefore, the next logical step was to extrap
olate the results obtained to the individual energies of the mixed beam 
treatment plan. Here, the irradiated volume of a single energy HeRad is 
smaller because not every region of the tumor is scanned with every 
energy.

Single energy (232.2 Mev/u and 223.56 Mev/u) HeRads were 
simulated according to the treatment plan of the same irradiation vol
ume. Fig. 7A, D, B, E show single energy HaRad for two fields and phase 

Fig. 5. Comparison of simulated and experimental pRad images obtained at the NMCPC: (A) Simulated pRad based on 4DCT phantom data with interpolation 
between phases; (B) Experimental pRad of the corresponding phase of the motion; (C) Difference in absolute value of WET between simulated CT-based pRad and 
experimental pRad.

Fig. 6. Simulated HeRads for two fields of the mixed carbon-helium treatment plan of the phase 0% (day 1) of patient #102: (A) PTV HeRad at 45◦ treatment angle; 
(B) PTV HeRad (45◦) contour with a threshold of 190 out of 255; (C) PTV HeRad at 90◦ treatment angle; (D) PTV HeRad (90◦) contour with a threshold of 150 out of 
255, where the red line corresponds to the contour boundary.
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0 % and 40 %, respectively. Fig. 7C and F show the difference in patient 
anatomy positioning for these two phases. These images were also 
converted and contoured as above, the contour displacements were also 
fitted with a sine function with fixed period, the coefficients of which are 
given in Table 1 in the last 4 rows. The averaged over the image WET 
uncertainties were 0.34 mm and 0.24 mm for the 1st and the 2nd fields, 
respectively.

As can be seen from Table 1, the displacement amplitude along Y for 
all four cases coincides within errors. The values of the contour 
displacement of the first field by X, also coincide in the error bars for 
integral (AI) and single energy (SE) images: AAI, x, field 1 = 1.97 ±

0.15 mm and ASE, x, field 1 = 2.01 ± 0.1 mm. For the second contour 
displacements, the obtained values do not coincide by 13 %, which is 

Table 1 
The sine fit amplitude coefficients for the integral and single energy HeRads in 
mixed beam mode.

Type of HeRad Direction A, cm

All energies, 1st field X 1.97 ± 0.15
All energies, 1st field Y 1.09 ± 0.17
All energies, 2nd field X − 3.8 ± 0.2
All energies, 2nd field Y 1.09 ± 0.09
Single energy, 1st field X 2.01 ± 0.13
Single energy, 1st field Y 0.94 ± 0.09
Single energy, 2nd field X − 3.3 ± 0.2
Single energy, 2nd field Y 1.08 ± 0.09

Fig. 7. The following HeRads were obtained: HeRad (A): 1st field, phase 0%; HeRad (B): 1st field, phase 40%; HeRad (D): 2nd field, phase 0%; HeRad (E): 2nd field, 
phase 40% of 4DCT. Images (C) and (F) demonstrate the difference in WET when executing a treatment plan optimized for the 0% phase to the 40% phase of the 
4DCT data. Black arrows indicate pixels with coordinates (0, 0) and (0, 2.5) cm.

Fig. 8. Sine fit of contour displacements: (A) Integral HeRad, 1st field, X direction; (B) Integral HeRad, 1st field, Y direction; (C) Integral HeRad, 2nd field, X di
rection; (D) Integral HeRad, 2nd field, Y direction; (E) Single energy HeRad, 1st field, X direction; (F) Single energy HeRad, 1st field, Y direction; (G) Single energy 
HeRad, 2nd field, X direction; (H) Single energy HeRad, 2nd field, Y direction.
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0.5 mm in absolute values: AAI, x, field 2 = 3.8 ± 0.2 mm and ASE, x, field 2 =

3.3 ± 0.2 mm respectively. All fitting functions for the motion period 
(10 phases from 0 % to 90 %) are shown in Fig. 8.

The total physical dose per mixed beam treatment plan was 1.8 Gy. 
The dose impact of the helium beam was approximately 2.4 % (1.76 Gy 
for the carbon beam and 0.04 Gy for the helium beam, respectively). For 
integral HeRad, the dose mixed-in helium beam was 25.3 mGy and 17.5 
mGy for both projections (1.05 Gy and 0.7 Gy for carbon beam). For 
single energy HeRad, the helium beam dose was 0.7 mGy and 0.4 mGy 
for both projections (34.3 mGy and 17.6 mGy for carbon beam). The 
ratio of the physical dose of the helium beam to the total dose was in the 
range of 2.1 % to 2.5 % for all scenarios.

4. Discussion

Particle therapy encounters a distinct challenge in dealing with 
intrafractional motion, which introduces increased uncertainty in range 
and dose due to interactions caused by the patient’s anatomical motion 
and the delivery sequence of the scanning beam. This paper considers 
and illustrates low-dose proton and helium radiography as a potential 
means of directly monitoring and controlling anatomical displacement 
and motion. This can be achieved by pre-adapting executable plans for 
protons or even real-time monitoring using a combination of helium and 
carbon beams. The results of this study demonstrated the potential of 
using the combination ProtonVDA detector and IBA C230 or HIT beam 
delivery systems to check for intrafractional changes for relatively small 
field of view.

In this work, we have shown that for selected combination of the 
equipment and small scanning regions, it is possible to achieve a tem
poral resolution of 0.13–0.56 s, which is comparable with modern 
commercial optical systems for surface-guidance (0.07 s − 0.6 s) [43]. 
This resolution is affected by the selected scan pattern and the detector 
response time. Since the detector can measure the parameters (positions 
in both fiber detector and residual energy of primary ion) of particle 
events in the order of 10− 7 s, the limiting factor was the scan pattern, 
determined by the beam extraction rate and the speed of the scanning 
magnets, where each spot required about 10− 4 s.

The MLP binning method was used to reconstruct pRads and HeRads. 
We also have the option of performing an iterative 3D reconstruction 
using the curved trajectories of the protons and helium ions as deter
mined by MLP and then collapsing the result into a 2D image [30]. This 
approach produces slightly sharper images but also increases noise and 
requires much more computation [44]. However, for monitoring WET 
changes during treatment, the MLP binning algorithm is more appro
priate and can be performed within a few seconds.

For the implementation of real-time monitoring, we consider two 
strategies based on the mixed-beam approach, namely single-energy 
analysis (SEA) and single-spot range probe (SSRP). Both strategies will 

incorporate an external surrogate respiratory monitor, such as surface- 
guided (SG) systems, which reduces the amount of imaging required 
[45]. In both scenarios, the SG system will provide the trigger to start the 
irradiation, since only after starting the plan execution it is possible to 
get the range information from the imaging (helium) beam. The respi
ratory signal (Fig. 9a) is obtained by the SG system, which generates 
triggers (Fig. 9b) for the start and end of a predetermined phase. The 
range-guided (RG) system provides triggers (Fig. 9c) in the case of 
failure of single or multiple averaged WET fast checks. The accelerator 
control system provides a signal (Fig. 9d) when the beam is accelerated 
up to the needed energy and is ready for extraction. A microcontroller 
(µCU) compares signals (Fig. 9b-d) and generates a resulting signal 
(Fig. 9e) or gates for beam delivery. Based on the execution status of the 
irradiation plan, feedback on beam delivery is sent to the accelerator 
control system.

The SEA (which can be implemented first) involves an iso-energy 
layer-by-layer analysis of the executed plans. We designed this solution 
for synchrotrons, where the plans are executed energy by energy, with a 
transition time between each iso-energy layer of several seconds. This 
time delay between energies allows an accurate analysis of the iso-en
ergy HeRad in the ROI by comparing the planned data with the executed 
results. If a significant discrepancy is detected, the irradiation is stopped 
to investigate the cause. In cases where the discrepancy is not critical, 
the analysis data is used to adjust the treatment plan between fractions. 
The combination of information obtained in this way gives an idea of the 
real motion pattern and can be more accurately correlated with an 
external SG, thus opening the possibility of adapting the “treatment plan 
of the day” just before the treatment is scheduled to be delivered, i.e. 
adapt subsequent fractions according to already completed ones.

The second strategy, SSRP, is based on a fast analysis of the average 
WET values for each spot or small group of spots. The corresponding 
table of values is loaded into the RG system and a threshold value is 
selected. If the WET value exceeds this threshold, an interlock is trig
gered that stops irradiation until the end of the next respiratory pause 
indicated by the SG system. As can be seen in Fig. 10, the WET difference 
for a single pixel can be a few centimeters, while the average WET does 
not change significantly. According to the clinical guidelines, the 
threshold value can be chosen as a few mm, which allows a small 
number of particles touching each pixel. The general workflow of the 
SSRP is as follows: the SG system detects patient motion caused by 
respiration and sends the generated triggers to the microcontroller. 
Beam readiness data from the accelerator control systems is also sent to 
the microcontroller. In addition, the RG system can send a signal to stop 
irradiation, as described above. The beam delivery system keeps track of 
the number of particles extracted and, if necessary, requests an addi
tional cycle to compensate for underdosing through feedback 
mechanisms.

The concept of iso-energy layer analysis now seems to be ready for 

Fig. 9. Surface combined with range guided motion management conceptual schematic (left panel) and motion management main control signals (right panel): (A) a 
patient respiratory signal (a) obtained by surface guided sensor; (B) triggers provided by surface guided (b) and range guided (c) systems; (C) a signal (d) from 
accelerator that beam is accelerated and ready for extraction, and a resulting signal (e) allowed beam delivery.
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implementation, given the data on the moving phantom presented in 
this paper. In fact, this experiment is an iso-energy layer analysis with a 
certain (sufficiently large for a real irradiated area) scan pattern. At the 
same time, the concept of single spot tracking is still an unsolved tech
nical challenge, whose complexity lies in the small amount of data and 
its high noise. Future engineering work will focus on solving this 
problem. The next challenge will be the adaptive treatment, the creation 
of a universal range-adapted plan. In the framework of this work, we 
have only shown the plan adapted to one phase of 4DCT data and the 
absolute difference to other phases. In this direction, the focus of 
research will be on iso-energy layer-by-layer analysis and the formation 
of a universal plan based on this information.

Finally, we would like to address the limitations of the current study 
and outline ongoing steps for improvement. First, we are preparing 
experimental pRad and HeRad imaging using a more advanced moving 
respiratory phantom equipped with internal markers to quantify the 
differences between the two modalities and to compare images acquired 
in 4DCT under continuous motion. Second, the same phantoms will be 
irradiated with a pure carbon beam to evaluate the influence of frag
ments on the detector and to develop a method for separating fragment 
signals from the useful helium signal in mixed beam irradiation sce
narios. Third, while the dynamic pRad and HeRad Monte Carlo simu
lation model has only been applied to simple geometries (such as the 
phantom used in this study), patient data has been analyzed under static 
assumptions. Future work will investigate continuously moving patient 
geometries to account for anatomical shifts between phase-binned data 
sets while considering beam scan time and scan patterns. Fourth, we 
plan to introduce irregularities in the initial data and attempt to 
reconstruct more complex motion patterns. Finally, the current experi
mental images suffer from noise, especially in dynamic mode, where the 
number of protons or helium ions available per image is limited. This 
will require further hardware improvements and the application of noise 
suppression algorithms.

5. Conclusions

This study investigated low-dose proton and helium radiography 
using pencil beam scanning for motion management in radiotherapy. 
For the first time, the technical feasibility of using particle radiography 
to track motion patterns with clinically required temporal resolution 
was demonstrated using small (10 cm × 10 cm) fields on a simple res
piratory phantom with scanning proton and helium beams from two 

particle therapy centers.
It was shown that low-dose helium radiography modeled from 4DCT 

data can effectively detect intrafractional anatomical changes. Two 
strategies for using helium radiography for real-time monitoring of 
mixed carbon-helium beam therapy − single energy analysis and single 
spot range probing − were proposed and discussed, with the former 
showing promise in reconstructing motion-induced anatomical changes. 
Future work in this direction considers the performance of mixed 
carbon-helium beam experiments and the development of an intrafrac
tional motion management system for single energy analysis for 
synchrotron-based particle therapy facilities.
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